The aim was to investigate the inhibitory effect of the xenobiotic 1,2-DCA on nitrification during the cometabolic degradation in a packed bed nitrifying biofilm reactor. This xenobiotic inhibited primarily the conversion of NH 4 -N to hydroxylamine by binding to the AMO enzyme. It had no inhibitory effect on the conversion of nitrite to nitrate. At high NH 4 -N loadings, the presence of 1,2-DCA inhibited NH 4 -N utilisation more severely than at low loadings. The suppressing effect of 1,2-DCA on NH 4 -N utilisation was found to be reversible due to the ability of cells to recover from inhibition. These results could fill a gap in the literature about the potential use of nitrifying biofilm systems for cometabolic treatment of 1,2-DCA and could be useful in the design of engineered 1,2-DCA remediation/treatment in biofilm reactors.
Introduction
In the last decade, a variety of xenobiotic chemicals including chlorinated hydrocarbons have been accidentally or deliberately introduced into the environment. 1,2-Dichloroethane (1,2-DCA) is a chemical intermediate, which is extensively used in the synthesis of vinyl chloride and has highly toxic and possible carcinogenic effects on humans. It is one of the most commonly detected xenobiotic compounds in industrial effluents, groundwater and soil.
Researches to date demonstrated that 1,2-DCA could be metabolically degraded by few pure aerobic strains. However, these strains are isolated under sterile laboratory conditions and are not widespread in the environment (Hage and Hartmans, 1999; Inguva and Shreve, 1999) . Aerobic biodegradation of 1,2-DCA is also possible through cometabolism, which is the fortuitous transformation of a non-growth-substrate by non-specific oxygenase enzymes. This transformation brings no benefit to the organism and frequently inhibits the metabolism of the natural growth-substrate. Methane, propane and ammonia oxidisers are among microorganisms capable of cometabolic 1,2-DCA removal (Rasche et al., 1991; Chang and Alvarez-Cohen, 1995; Ely et al., 1997) . The presence of ammonia oxidisers in almost all environments makes them promising candidates for biotreatment in 1,2-DCA contaminated cases. However, cometabolic degradation of this compound by nitrifiers has not been much studied. The existing studies were performed with pure Nitrosomonas europaea cultures in suspended-growth systems. Moreover, almost no information is available on the removal of 1,2-DCA by cometabolism in biofilm systems with mixed nitrifying cultures. Biofilm systems have long solid retention times favouring the function of slow-growing organisms, such as nitrifiers, and are less sensitive to toxic compounds. Therefore, the potential use of nitrifying biofilm systems for cometabolic treatment of 1,2-DCA contamination must be evaluated.
The present study investigates the inhibitory effect of 1,2-DCA on nitrification during the cometabolic degradation in a continuous-flow packed bed nitrifying biofilm reactor.
Materials and methods

Nitrifying biofilm reactor
Experiments were performed in an upflow aerated submerged biofilm reactor (Figure 1 ) with a working volume of 4.25 L. The carrier materials in the reactor were made of polyethylene (BIO-PAC 15, Envicon Eng. GmbH). The reactor was randomly packed with these carrier materials to provide a total surface area of 0.192 m 2 . The other technical details of the reactor are reported in earlier studies (Ç eçen, 1996) . This reactor was fed with NH 4 -N and necessary minerals since 1994 and hence was enriched for nitrifiers. In all experiments, the feed was supplied continuously at a flow rate of 6 L/d. The temperature and pH in the filter were kept in the ranges of 23-28 8C and 7-8.5, respectively. The dissolved oxygen (DO) in the bulk liquid was maintained in the range of 2.5-4 mg/L with pure oxygen supply at a rate of 40-45 mL/min. The hydraulic behaviour of the reactor was identified as completely stirred (Alpaslan . Composite samples were taken from effluent port (Port 0).
Synthetic wastewater
The compositions of the stock synthetic feed and mineral solutions were as follows: 7380 mg/L. All chemicals were supplied from Merck KGaA., Germany. These stock solutions were diluted as required.
Analytical methods
NH 4 -N concentrations were analysed using the Nessler Method with Hach DR/2000 spectrophotometer. The DO concentrations and pH were measured by using WTW OxiLevel-2 DO meter and WTW Inolab-1 pH meter, respectively. Liquid samples for 1,2-DCA analysis were extracted into n-pentane by EPA Method 502.1. The extracts were analysed by HP5890 Gas Chromatograph equipped with an electron capture detector. In the first phase, the aim was to investigate the inhibitory effect of 1,2-DCA on nitrification. The system was continuously fed with both NH 4 -N and 1,2-DCA until the pseudo-steady state condition was reached with respect to effluent NH 4 -N. In the second phase, the aim was to investigate the recovery of cells from 1,2-DCA inhibition. For this purpose, 1,2-DCA feeding was stopped and the system was fed with NH 4 -N only until a stable removal rate was seen again. In both phases, daily composite effluent samples were taken and analysed for NH 4 -N, NO 2 -N and NO 3 -N. NH 4 -N removal, NO 2 -N accumulation and NO 3 -N production rates were calculated at steady-state. The time period necessary to reach steady-state was in the range of 2-11 and 2 -17 days for first-and second-phases, respectively.
Results and discussions
Figure 2 illustrates the surface NH 4 -N removal rates in preliminary experiments and experiments with 1,2-DCA. In the preliminary experiments before the start of 1,2-DCA dosing, when the bulk NH 4 -N concentration was in the range of approximately 0.05-1.6 mg/L, nitrification followed half-order kinetics due to partial penetration of the biofilm by the substrate. In a wide NH 4 -N range of 1.6-196 mg/L, biofilm was fully penetrated by ammonium and variations in bulk NH 4 -N concentrations did not significantly affect the reaction rate indicating that nitrification was of zero-order in ammonium. The estimated half-order (0.86 g 1/2
/m 1/2 d) and zero-order (5.2^0.62 g/m 2 d) NH 4 -N removal rate constants were in consistency with those observed in previous studies (Ç eçen and Gönenc, 1994; Ç eçen, 1996) . In the experiments with 1,2-DCA (Figure 2 that at high NH 4 -N loadings, the presence of 1,2-DCA inhibited NH 4 -N utilisation more severely than at lower NH 4 -N loadings. In a previous study evaluating the inhibition kinetics of 1,2-dichloroethane (1,2-DCA) in a suspended-growth nitrification system (Alpaslan Kocamemi and Ç eçen, under review), 1,2-DCA was identified as a mixed inhibitor for nitrification, which can bind both to the free enzyme (AMO) and to the enzyme (AMO) -substrate (ammonium) complex. However, the affinity of 1,2-DCA for the AMO enzyme was significantly higher than its affinity for the enzyme(AMO)-substrate (ammonium) complex. This indicated that at low 1,2-DCA concentrations ((25 mg/L), the competitive characteristic of 1,2-DCA was stronger than its mixed characteristics. Additionally, in the same study (Alpaslan Kocamemi and Ç eçen, under review), the affinity of the 1,2-DCA for AMO enzyme was found to be significantly higher than that of ammonium. In the present study, bulk 1,2-DCA concentration ranged between 0.099 -17.57 mg/L and hence there was competition between 1,2-DCA and ammonium for the active site of AMO. In the case of low ammonium loadings, since the active sites of the enzymes were probably not fully saturated with the substrate NH 4 -N, there were enough available sites for 1,2-DCA binding. Therefore, the presence of 1,2-DCA did not severely inhibit the ammonium utilisation rate. On the other hand, in case of high ammonium loadings, the active sites began to be saturated with NH 4 -N and the presence of 1,2-DCA caused severe inhibition of ammonium utilisation due to its higher affinity for AMO with respect to NH 4 -N. After each experiment with 1,2-DCA and NH 4 -N, 1,2-DCA feeding to the system was stopped and biofilm was fed with ammonium only. The surface ammonium removal rates (Figure 2 ), which were performed before 1,2-DCA loading. As seen from Figure 2 , at both low and high ammonium loadings, in recovery experiments, almost the same level was reached in surface NH 4 -N removal rates as before inhibition. These results clearly indicated that 1,2-DCA inhibition on ammonium utilisation was reversible due to the ability of cells to recover from inhibitory effects. Similarly, in previous studies with TCE (Rasche et al., 1991; Hyman et al., 1995; Ely et al., 1995) Nitrosomonas europaea cells were found to be able to recover from the inhibitory effects of TCE. The inhibitory effect of 1,2-DCA on nitrification was further evaluated in terms of NO 2 -N accumulation (r NO 2 -N ) and NO 3 -N production rates (r NO 3 -N ) as illustrated in Figure 3 . This figure shows comparatively the dependence of r NH 4 -N , r NO 2 -N and r NO 3 -N on NH 4 -N loading rate in preliminary and all DCA (including recovery experiments with NH 4 -N only) experiments.
The decreases in surface NH 4 -N removal rates are also apparent in Figure 3 . During the recovery with NH 4 -N supply only (152 and 50 mg/L NH 4 ), r NH 4 -N values reached those in preliminary experiments indicating the reversibility of 1,2-DCA inhibition. The r NO 2 -N values in recovery experiments were slightly different from those observed in preliminary experiments due to the differences in bulk DO concentrations. As indicated in previous studies (Ç eçen, 1996; Ç eçen and Ipek, 1998) , the effect of low bulk DO concentration on NO 2 -N accumulation is very significant. The slight differences observed between the r NO 3 -N values in recovery and preliminary experiments are directly related with the changes observed in r NO 2 -N values. The decreases in r NH 4 -N due to 1,2-DCA inhibition resulted also in proportional decreases in r NO 3 -N . This indicated that 1,2-DCA did not inhibit the conversion of nitrite to nitrate.
Additionally, the NO 2 -N accumulation rates at high NH 4 -N loadings ( Figure 3 ) were in good agreement with those in preliminary experiments. As known, the conversion of NH 4 -N to NO 2 -N occurs in two steps: conversion of NH 4 -N to hydroxylamine through the catalysis of the AMO enzyme, conversion of hydroxylamine to NO 2 -N through the catalysis of the HAO enzyme . Therefore, the observation of NO 2 -N accumulation in parallel to NH 4 -N utilisation inhibition indicated that 1,2-DCA inhibited primarily the conversion of NH 4 -N to hydroxylamine by binding to the AMO enzyme. Similarly, Ely et al. (1995 Ely et al. ( , 1997 demonstrated that 1,2-DCA and other chlorinated organic compounds (e.g. trichloroethylene(TCE), 1,1-dichloroethene (1,1-DCE)) caused inactivating injuries on the AMO enzyme while they did not affect the HAO enzyme. For this purpose they used hydrazine (alternative substrate of HAO enzyme) dependent activity tests. In other studies performed with mixed enriched nitrifier cultures (Alpaslan Kocamemi and Ç eçen, 2007;  in press), the inhibitory effect of trichloroethylene (TCE) on nitrification arose due to the inhibition of the AMO enzyme. In contrast to these studies, Rasche et al. (1991) reported the partial inactivation of hydrazine-dependent activity of Nitrosomonas europaea cells in the presence of 1,2-DCA.
Conclusions
In the present study, the inhibitory effect of 1,2-DCA on nitrification during its cometabolic degradation was investigated in a continuous-flow packed bed nitrifying biofilm reactor. The degree of 1,2-DCA inhibition on ammonium utilisation was strongly dependent on ammonium loading and 1,2-DCA concentration. At high NH 4 -N loadings, the presence of 1,2-DCA inhibited NH 4 -N utilisation more severely than at lower NH 4 -N loadings. This was due to the competitive inhibitor characteristics of 1,2-DCA dominant at low bulk 1,2-DCA concentrations and the higher 1,2-DCA affinity of AMO enzyme. The inhibitory effect of the xenobiotic 1,2-DCA on ammonium oxidation was mainly attributable to the inhibition of the conversion of NH 4 -N to hydroxylamine because 1,2-DCA binds to the AMO enzyme. The nitritification step was not inhibited by 1,2-DCA. The adverse effect of 1,2-DCA on ammonium utilisation was reversible due to the ability of cells to recover from inhibitory effects. These findings could fill a gap in the literature about the potential use of nitrifying biofilm systems for the cometabolic treatment of 1,2-DCA. They will be helpful for the improvement of packed bed submerged biofilm reactors for 1,2-DCA removal from industrial effluents (such as vinyl chloride production plant) and many groundwater systems.
